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Abstarct 
 
In this paper we conduct numerical simulation of CdS/CIGS solar cells by use 
of the AMPS-1D software aiming to formulate the optimal design of the new 
multi-junction tandem solar cell providing its most efficient operation. We start 
with the numerical simulation of single-junction CdS/CIGS solar cells, which 
shows that its highest efficiency of 17.3% could be achieved by the thickness of 
CIGS p-layer of 200 nm. This result is in a good agreement with experimental 
data where the highest efficiency was 17.1% with the solar cell thickness of 1 
micron. By use of the results of the numerical simulation of the single-junction 
solar cells we developed the design and conducted optimization of the new 
multi-junction tandem CdS/CIGS solar cell structure. Numerical simulation 
shows that the maximum efficiency of this solar cell is equal to 48.3%, which 
could be obtained with the thickness of the CIGS p-layer of 600 nm at a 
standard illumination of AM 1.5. 
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Introduction 
In this paper, as an object of study we consider solar cells of the second 
generation copper gallium indium diselenide CIGS, and investigate the influence of 
the thickness of the semiconductor layers on the output parameters of the solar cell, 
such as a short circuit current density Jsc, the open circuit voltage Voc, the fill factor 
FF and the efficiency of conversion EFF, by means of numerical simulation using 
the AMPS-1D program. Then, in order to obtain the maximum efficiency, taking 
into account the results obtained for single-junction solar cells new tandem 
multilayer structure consisting of layers of two solar cells connected with each 
other back to back are designed and studied. 
It should be noted that for the solar cells made on the basis of such 
perspective material as copper indium gallium diselenide (CIGS), experimentally 
the conversion efficiency of 9% [1] and 12.8% [2], are expected for ultrathin solar 
cells grown by close space vapor transport (CSVT) and coevaporation methods, 
respectively. In order to optimize the structure of the thin-film CIGS solar cells in 
[3-4] numerical studies were conducted. In particular, the type of substrate [3-4] 
has been investigated in detail; however, it is worth to note that while there are few 
studies of ultrathin CIGS solar cells. A comprehensive analysis carried out in [5] 
has shown that the best performance is achieved when the thickness of the CIGS 
absorber p-layer varies within the 0.2 - 0.3 micron, when the carrier density in the 
absorbing layer ranges from 10
12
 to 10
16
cm
-3
. Formation of the absorbing layer of 
n-type plays an important role in optimizing the CIGS ultrathin solar cells, although 
improving of the conversion efficiency can be expected by increasing the number 
of charge carriers over 10
18
 cm
-3
 in the buffer layer In2Se3. The conversion 
efficiency of over 15% can be obtained in the maximum quantum efficiency of 
80% [6]. 
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In this paper we study single-junction solar cells made on the basis of 
Cu(InxGa1-x)(SexS1-x) or CIGS, which is a four-component alloy of elements of I-
III-IV groups. By use of numerical simulation we show that the optimum thickness 
of the absorbing CIGS p-layer is 200 nm at the conversion efficiency equal to 
17.3%. It was found that for this solar cell among all the major parameters only the 
density of the short-circuit current has a strong dependence on the thickness of the 
CIGS p-layer. 
Further we develope a new design of optimal multi-junction CdS/CIGS 
tandem solar cell and by numerical simulation show that the highest efficiency of 
this solar cell in 48.3% could be obtained with the thickness of CIGS p-layer of 
600nm. 
 
Simulation of CdS/CIGS thin film solar cells 
Cu(InxGa1-x)(SexS1-x) or CIGS is a four-component alloy of I-III-IV groups, 
which is formed by replacing the atoms of indium by gallium atoms in the 
sublattice of CuInSe2 (CIS), which crystallizes into the stable structure of 
chalcopyrite [7]. The purpose of replacing the anion or cation is to change the 
width of CIS bandgap (1.02 eV), so as to keep it in the optimal range for the 
photoelectric conversion. The electronic conductivity of these materials could be 
explained in terms of chemistry of their internal defects. 
Vacancies of copper and indium (i.e. excess of selenium) lead to 
semiconductor material of p-type having a carrier density ranging from 0.15 to 
2x10
17
 cm
-3
, while selenium vacancies lead to n-type conductivity. The most 
important defect for carrier recombination is InCu (In in opposite site to Cu), both 
as a result of its low energy of formation, and because of its predicted level of 0.34 
eV, which is below the conduction band maximum (CBM), lead to substantial 
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compensation of p-type material by reducing its activity through the formation of 
[2VCu + InCu] defect complexes [8]. 
CIGS photovoltaic device could be obtained by forming of p-n-
heterojunctions on the CdS thin film, as shown in Fig. 1. Like the CdTe devices the 
role of CdS semiconductor of n-type, whose bandgap of 2.4 eV, is not only to form 
a p-n-junction with the absorber, but also to serve as a window layer that transmits 
incident light with relatively low losses on the absorption and reflection. 
Manufacturing usually begins with the deposition of the back contact, which is  
made of Mo, followed by a p-type absorber - a thin window layer of CdS (50-100 
nm), and ZnO doped with Al is introduced as a transparent front contact. The 
conductive oxide ITO layer may also be added to this contact in order to maximize 
the absorption and, in turn, the current density obtained from these solar cells. The 
advantage of CIGS solar cell lies in the flexible substrates (such as soda-lime glass, 
aluminum foil, or high temperature polyamide) to which these layers may be 
deposited [9]. 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. A typical structure of the Cu-In-Ga-S, Se (CIGS) solar cell [7]. 
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CIGS possesses a direct optical band, and it is usually grown on a substrate 
of soda lime glass or flexible substrates. The advantage of using a CIGS as a solar 
cell material is the ability to create devices with thin absorbent layers on various 
substrates, which leads to a significant reduction of production costs and reduce 
production time. In a standard device an absorber thickness usually is 2 microns. 
Decreasing the thickness on each 0.5 microns can save up to 75% consumption of 
semiconductor materials and the corresponding deposition time is also reduced four 
times. For example, reduce the thickness of the deposited layer from 1.8 microns to 
0.15 microns [10, 11] results in a reduction of deposition time from one hour to 8 
minutes. In in the paper [12] it has been experimentally shown that the efficiency of 
13.1% could be achieved when the thickness of the CIGS solar cell is 0.86 microns. 
At the same time, in the paper [13] it was shown that when the device thickness of 
1 micron the efficiency is 9.9%. It means that with decreasing of the solar cell 
thickness the efficiency increase is observed. Thinnest element with acceptable 
performance [14] had a thickness of 150 nm and 5% efficiency. For a CIGS solar 
cell with 1 micron thickness the highest registered efficiency of conversion was 
17.1% [15]. 
The concept of this solar cell is the use of three layers: a ZnO n-layer (with 
a band gap of 3.30 eV), which is used as a transparent contact layer, a CdS n-layer 
(2.40 eV), which is a frontal absorbing layer, and a CIGS p-layer (1.15 eV) - 
absorbing layer of p-type. This configuration is very popular for CIGS based 
devices. The parameters used in the numerical simulation of the device are shown 
in the Table 1. 
The purpose of the numerical simulation of CIGS solar cells is to optimize 
the design of solar cell with reduced thickness, which was varied from 30 nm to 
1000 nm, as shown in Fig. 2. This graph shows that the efficiency of the solar cell 
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increases by increasing the thickness of the CIGS absorbing p-layer, and then 
decreases gradually. The optimum thickness of the absorbing CIGS p-layer was 
200 nm, at the efficacy of 17.3%. As one can see from the output data of the 
simulation among all the solar cell parameters only the density of the short-circuit 
current has a strong dependence on the thickness of the CIGS p-layer. With 
increasing thickness of the absorber, it is reduced. Comparison of the simulation 
results and experimental data shows that the current decline of the experimental 
data is much steeper than predicted by the simulation. This difference is due to the 
processing of grain boundaries of the layers [16, 17]. 
Thus, the numerical simulation shows that for CdS/CIGS solar cell the 
maximal efficiency is 17.3% at the optimum thickness of the absorbing CIGS p-
layer equal to 200 nm. 
For the similar solar cell the highest registered efficiency was 17.1% at the 
solar cell thickness of 1 micron (A.O.Pudov et al. [15]), which is in good 
agreement with our results. 
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Table 1. Baseline CIGS parameters used in the numerical simulation 
Material 
Band gap 
(eV) 
Conducti
vity type 
Conduction 
Band 
Valence 
Band 
Electron 
Affinity (eV) 
Electron 
Mobility (cm2 
/v/s) 
Hole 
Mobility 
(cm2 /v/s) 
Free Carrier 
Concentration (cm
-3
) 
Relative 
Permittivity 
ZnO 3.30 N 2.2*10
18 
1.8*10
19
 4.10 100.0 25.0 1.0*10
18 
9.0 
CdS 2.40 N 2.2*10
18
 1.8*10
19
 4.0 100.0 25.0 1.1*10
18
 10.0 
CIGS 1.15 P 2.2*1018 1.8*1019 4.5 100.0 25.0 2.0*1016 13.4 
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Figure 2. The output data of the solar cell (short-circuit current density Jsc, open-circuit 
voltage Voc, fill factor FF and efficiency EFF) depending on the thickness of the CIGS p-layer 
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    Simulation of tandem multi-junction CdS/CIGS solar cells 
Multijunction solar cells consist of several p-n-junctions of different 
semiconductor materials with different band gaps, which have the ability to absorb 
a large part of the solar energy spectrum. Multijunction solar cells on the basis of 
elements of III-V groups represent the new technology as compared with single-
junction solar cells, providing in the same conditions, nearly twice the efficiency 
[18], but the production costs of these elements are very high, and they used only in 
special cases, for example in space technologies. 
Another way to increase the efficiency of solar cells is the use of such cells, 
each of which uses a certain part of the spectrum of solar radiation for the 
production of electric current. Tandem solar cells can be used as single or serial 
connection, where the current in both cases is similar. The structure of the solar cell 
in the series connection is very simple, but because of limitations caused by wide 
bandgap, solar cells of a single compound, from the viewpoint of efficiency, are 
more optimal.  
The most common method of creating tandem solar cells is their growing 
even when the layers are built up sequentially on the substrate and provide a 
tunneling contact of layers in individual cells. Due to increasing of number of band 
gaps, the efficiency of the cell also icreases. The upper part of cell has the largest 
width of band gap; it absorbs photons which have higher energy of the spectrum of 
incident light, while the lower part of the cell has a small band gap width, and 
hence, provides the absorption of the low energy photons [19]. 
This section presents the research, aimed at increasing the efficiency of 
solar cells and the design of the solar cell structure having the most optimal 
efficiency, using the results of investigations of single-junction solar cells whose 
efficiency is studied in the previous section. By use of AMPS-1D software we 
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conduct a study of new multijunction tandem CdS/CIGS solar cell structures in 
order to determine the most optimal one with the highest efficiency. 
In order to enhance the effecticiency and to determine the most optimal 
solar cell we use two single-contact solar cells connected back to back. In Fig. 3 a 
proposed solar cell layers and the order of their arrangement is depicted. This 
multilayer solar cell is made of two CdS layers of p-type and n-type and two layers 
of CIGS of p-type and n-type. On the top of the solar cell the layer of indium tin 
oxide (ITO) of 200 nm thick is located to provide greater absorption of light flux by 
the solar cell and the lower layer is a molybdenum one 500 nm thick for reflecting 
the light flux. 
 
 
 
 
 
 
 
 
 
 
Figure 3. Schematic representation of the CdS/CIGS multijunction tandem solar cell  
 
The parameters of each layer of the solar cell used as input data in the 
numerical simulation by AMPS-1D are shown in the Table 2. In this simulation the 
thickness of the CdS p-layer is chosen equal to 50 nm and the CdS n-layer is 200 
nm. 
As a result of our previous numerical simulation we know that the most 
optimal solar cell should have a thickness of CIGS n-layer equal to 3000 nm. In our 
simulation we kept it constant and varied the thickness of CIGS p-layer in the range 
ITO (200нm) 
     p- C IGS (60нm) 
n- CIGS (100нm) 
p- CdS (400нm) 
n- CdS (0100нm) 
Mo (500нm) 
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from 400 nm to 2000 nm. Upper buffer layer serves to provide greater absorption 
of the blue part of the solar spectrum. The photons, which are not absorbed in the 
upper layers, would be absorbed in the lower absorbent layer and produce electron-
hole pairs. As a result, the overall efficiency of the solar cell, which is the total 
efficiency of the upper and lower elements, is increased. 
The graphs (Fig. 4) show the dependence of the open circuit voltage Voc, 
short-circuit current Jsc, fill factor FF and efficiency ŋ on the thickness of CIGS p-
layer, which we have obtained in numerical experiments. The results show that the 
most optimal solar cell with the thickness of CIGS p-layer of 600 nm at a standard 
sunlight of AM 1.5 is the element with the highest efficiency equal to 48.3%. 
This efficiency is more than twice of the efficiency of CdS/CIGS single-
junction solar cell under similar conditions. 
 
  
Table 2. The parameters of CdS/CIGS multijunction solar cell  
 
 
 
Material 
Band 
gap 
(eV) 
Conducti
vity type 
Conduction 
Band 
Valence 
Band 
Electron 
Affinity (eV) 
Electron 
Mobility 
(cm2 /v/s) 
Hole 
Mobility 
(cm2 /v/s) 
Free Carrier 
Concentration 
(cm
-3
) 
Relative 
Permittivity 
ZnO 3.30 N 2.2*1018 1.8*1019 4.10 100.0 25.0 1.0*1018 9.0 
CdS 2.40 N 2.2*1018 1.8*1019 4.0 100.0 25.0 1.1*1018 10.0 
CdS 2.40 p 2.2*1018 1.8*1019 4.0 100.0 25.0 1.1*1016 10.0 
CIGS 1.15 P 2.2*1018 1.8*1019 4.5 100.0 25.0 2.0*1014 13.4 
CIGS 1.15 N 2.2*1018 1.8*1019 4.5 100.0 25.0 2.0*1016 13.4 
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Figure 4. The dependence of the output parameters (short circuit current density Jsc, 
open-circuit voltage Voc, the fill factor FF and the efficiency EFF) of CdS/CIGS multijunction 
tandem solar cell on the thickness of the CIGS p-layer 
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Conclusion 
Our numerical study of single-junction CdS/CIGS solar cells shows that its 
highest efficiency of 17.3% could be achieved by the thickness of CIGS p-layer of  
200 nm. This result is in a good agreement with experimental data obtained for the 
same solar cell by A.O.Pudov et al. [15], wherein the highest efficiency was 17.1% 
with the solar cell thickness of 1 micron. 
By use of the results of the numerical simulation of the single-junction solar 
cells we developed the design and conducted optimization of the new multi-
junction tandem CdS/CIGS solar cell structure. Numerical simulation shows that 
the maximum efficiency of this solar cell is equal to 48.3% with the thickness of 
the CIGS p-layer of 600 nm at a standard illumination of AM 1.5. 
Thus, numerical simulation based on the use of one-dimensional analysis of 
microelectronic and photonic structures (AMPS-1D) software for the analysis of 
copper indium gallium diselenide (CIGS) solar cells allowed us to formulate the 
optimal design of the new multi-junction tandem solar cell providing its most 
efficient operation. 
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